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Research on the elasticity of liquid marbles has been steadily gaining attention in the research arena, and this includes the controllable deformation of liquid marbles coated with monolayer nanoparticles. [2] [3] [4] The rationale behind such works could be that the survivability of a liquid marble heavily depends on its elasticity. Furthermore, it is important to note that large deformations of liquid marbles may lead to substantial internal mixing which is conducive to cell viability, a critical aspect in using liquid marbles as bio-reactors. The simple parallel plate compression test was usually conducted with the goal of comprehending the robustness of liquid marbles. [5] [6] [7] This well-established method has been used to investigate the properties of liquids, 8 solids, 9 and gels. 10 Asare-Asher et al. investigated the Young's modulus of a liquid marble and reported its non-linear elastic characteristics. 6 Whyman and Bormashenko determined the surface tension of liquid marbles under compression by applying some geometrical assumptions. 11 Rendos et al. also investigated the surface tension of liquid marbles under compression, albeit using the energy conservation approach. 5 Liu et al. characterised the robustness of a liquid marble by quantifying the surface coverage of the coating particles. 7 In principle, the combination of a liquid interior and a thin coating necessitates a more comprehensive model than a model that uses a single-phase. Also, liquid marble coatings consist of loose powder that cracks readily, which could render the membrane encapsulated liquid model unsuitable. As such, the development of a universal model is motivated by this prevailing challenge. The developed model aims to describe the elasticity of a liquid marble with more rigour without resorting to geometric assumptions. Also, the development of the universal stressstrain relationship for liquid marbles can be fundamental in designing microfluidic devices with robust liquid marbles.
In this study, we investigate the elasticity of a liquid marble using a large-strain, parallel plate compression test with high resolution. To obtain large strains whilst maintaining the integrity of the liquid marble, the plates have been coated with the same hydrophobic powder as the marble. A coarse grained liquid marble model 12 is employed to obtain the stress-strain relationship of a 10 ll water droplet coated with polytetrafluoroethylene (PTFE) particles. After validating the liquid marble model against the experimental results, the model is used to evaluate the effect of the volume of the droplet, the density, and the surface tension of the liquid on the stress-strain relationship of the liquid marbles. Then, the model predictions are used to develop a generalised stress-strain relationship applicable to any liquid marble. Finally, the validity of the generalised equation is assessed using the experimental results. Liquid marbles were prepared using the well-known droplet rolling on the powder bed method. Using a micropipette (Thermo Scientific Finnpipette 4500, 0.5-10 ll), a small liquid droplet is dispensed onto a powder bed of polytetrafluoroethylene (PTFE, Sigma-Aldrich V R 1 lm nominal diameter) and rolled around until the droplet is fully coated. The liquid droplet consists of deionized (DI) water (MilliQ V R Direct 8 system, 18 MXÁcm) infused with fluorescein sodium salt (Sigma-Aldrich V R F6377) at 0.25 g/l to facilitate the image analysis.
Two glass slides were coated with PTFE. The first glass slide was placed on the weighing pan of the electronic balance (RADWAG AS82/220.R2), which acts as the bottom slide with the powdered side facing up. The second glass slide was attached to a vertically mounted linear stage (Zaber Technologies T-LS28M), which acts as the top slide with the powdered side facing down. The two slides were positioned in the weighing chamber of an electronic balance. The camera was mounted on another set of linear stages for fine-focusing and placed adjacent to the electronic balance.
Subsequently, a liquid marble was placed on the bottom slide and the electronic balance was zeroed. The linear stage was programmed to move downwards at a speed of 5 lm/s to fulfil the quasi-static condition. The magnitude of the downward stroke was approximately 0.7 h 0 , with h 0 being the uncompressed height of the sessile marble. The top slide was programmed to compress the marble and then for 10 s at maximum compression before returning to its initial position at the same speed. The linear stage was started simultaneously with the image and weight data acquisition. The data pertaining to the weight were sampled at the maximum rate of the electronic balance corresponding to 2 frames per second (fps). The colour camera recorded the compression process at the same rate.
The side view of liquid marbles was acquired using a colour USB camera (Edmund Optics) with telecentric lenses at 0.3, 0.5, and 0.1Â magnification. The image resolution was kept at 800 Â 600 pixels for all the experimental tests [Figs. 1(a) and 1(b)]. The image data were analysed using MATLAB, MathWorks [Figs. 1(c)-1(e)]. The image analysis procedure is as follows: (i) apply colour threshold to generate a binary image of the liquid marble, (ii) de-noise and measure the box width and the height of the liquid marble, and (iii) repeat preceding steps for every frame. Figure 1 (Multimedia view) shows compression of a 10 ll liquid marble. From Fig. 1 (Multimedia view), the liquid marble does not fully recover to its initial shape after removing the load. This could be attributed to the interfacial jamming which results from increased local coating particle density during retraction. 13 This study employs the same numerical model we previously developed to predict the morphological behaviour of magnetic liquid marbles.
12 However, the model is further improved to replicate the exact experimental setup and to avoid the initiation of cracks on the liquid marble. The force acting on the fluid particles due to the hydrostatic pressure F g (Fig. 2 ) is defined as
where h h is the height from the top most point of the liquid droplet to the particle of interest, q is the density of the liquid, g is the acceleration of the gravity, l 0 is the current mean distance between two consecutive liquid particles, and dz is the thickness of the liquid particles, which is used to calculate the area of the particle. 12 Similar to our previous work, 12 dz is set to 0.1 mm. The force acting on the fluid particles due to the surface tension is given by
where c is the surface tension of the liquid and r is the radius of curvature at the particle of interest. The Lennard-Jones (LJ) type forces are used to model the interaction forces (F ss ) between solid particles, given by where f ss 0 is the strength of the LJ contact for the solid-solid interaction, r ss is the present distance between two consecutive solid particles, and r ss 0 is the original distance between two consecutive solid particles. However, in this improved model, only the repulsive forces between solid particles are considered (when r ss < r ss 0 ), which leads to the increase in the number of solid particles in the event the distance between the consecutive solid particles increases. Therefore, the improved model replicates the exact experimental setup. The interaction between liquid particles is modelled by
where k l is the energy constant for the liquid-liquid interaction, r is the position vector of the particle, and l is the present length between two consecutive liquid particles. The interaction between solid and liquid particles (F sl ) and the conservation of the volume of the liquid droplet are modelled by the same formulations as in the previous model. 12 In addition, all the simulation parameters including l 0 ; f ss 0 ; r ss 0 , and k l are assigned as described in the previous work. 12 A horizontal plate is used to compress the liquid marble in this model which is moved down until the liquid marble is compressed up to the intended amount (Dh). Then, the horizontal boundary is kept at that level, and the simulations are run further until the whole system reaches a steady state (in terms of dimensions and forces). According to Figs. 3(a)-3(d) , the compressed shapes of the liquid marble are closely align with the experimental results in Fig. 1 . The sum of all the y-components of the forces acting on the particles at the top boundary (RF t ) and the sum of all the y-components of the forces acting on the particles at the bottom boundary (RF b ) are calculated separately [ Fig. 3(e) ]. Initially, the simulations are conducted for a liquid marble of 10 ll, and the results are compared against the experimental data.
The compressive stress on the liquid marble is calculated from the experiments, defined by
where r 1 is the compressive stress, F 1 is the measured applied force, and w 0 is the width of the uncompressed marble [ Fig.  3(e) ]. The compressive stress on the liquid marble is calculated from the numerical simulations and has the form
The strain of the liquid marble is calculated in terms of change in the height (h 0 -h)
According to Fig. 4(a) , the stress-strain curve obtained from the numerical model aligns well with the experimental results obtained from three repeated experimental tests. Overall, the stress on the liquid marble shows a polynomial increase with the strain of the liquid marble. The volume of the liquid droplet coated with PTFE particles was modified in order to investigate the effect of the volume of the liquid droplet on the stress-strain behaviour of the liquid marbles. The density (q) and surface tension (c) of the liquid are set to 997 kg/m 3 and 0.072 N/m, respectively, while all the other parameters are left intact. As shown in Fig. 4(b) , for a given e h , r 1 decreases with the volume of the liquid marble. This phenomenon could be explained by the radius of the curvature of the liquid marbles. The two liquid marbles with two different volumes (i.e., 15 ll and 50 ll) have the same strain, as shown in insets in Fig. 4(b) . However, the smaller liquid marble (i.e., 15 ll) has a smaller total radius of curvature compared to the 50 ll liquid marble. Therefore, the force induced on the smaller liquid marble, due to the Young-Laplace pressure, marble (herein, r 1 and r 2 are the principal radii of curvatures). This p S resists the compression of the liquid marble, and consequently, for a given e h , r 1 decreases with the volume of the liquid marble.
The effect of the surface tension of the liquid on the stressstrain behaviour of the liquid marbles is investigated by varying the surface tension of a 15 ll liquid droplet coated with PTFE particles. The density of the liquid is set to 997 kg/m 3 . As can be seen in Fig. 4(c) , for a given e h , r 1 increases with the surface tension of the liquid. The rise in r 1 with the surface tension of the liquid can be explained again by the pressure p s . When the surface tension increases, p s increases and resists the compression of the liquid marble because p s acts in the inward normal direction to the surface of the liquid droplet. Therefore, for a given e h , r 1 increases with the surface tension of the liquid.
The same liquid marble is employed to investigate the effect of the density of the liquid on its stress-strain behaviour by varying the density of the liquid, while the surface tension of the liquid is set to 0.072 N/m. According to Fig. 4(d) , for a given e h , r 1 gradually increases with the density of the liquid. However, this rise in r 1 is insignificant compared to that change in r 1 with the surface tension of the liquid. However, the liquid density does not resist the compression of the liquid marble. In fact, when the density of the liquid is higher, the uncompressed liquid marbles exhibit puddle-like shapes [ Fig. 4(d) , inset] and infers a somewhat a self-induced compression. This self-induced hydrostatic pressure acts in the outward normal direction to the surface of the liquid droplet and can be calculated by p g ¼ h h qg (where h h is the height from the top most point of the liquid droplet to the point at which the hydrostatic pressure is required to be calculated and g is the acceleration of gravity). Therefore, it is clear that the liquid density assists in the compression of the liquid marble. However, this contradicts with the results shown in Fig. 4(d) . The main reason for this contradiction stems from the difference in the initial uncompressed width (w 0 ) and height (h 0 ) of two liquid marbles [ Fig. 4(d) , insets], even though they have the same volume. Therefore, we should use an appropriate and practical approach to calculate and compare the stress-strain behaviour of liquid marbles.
We emphasized that the conventional stress-strain analysis is not suitable to accurately calculate and compare the stressstrain behaviour of liquid marbles. Therefore, an alternative approach needs to be used. In this regard, a liquid marble with a nearly spherical shape (e hr0 % 0) at rest [ Fig. 5(b) ] is considered. Then, the forces acting on the liquid marble are analysed, and the analytical solution is derived to explain the stress-strain relationship of the liquid marbles as described below.
The strain of the liquid marble can be calculated with respect to the radius of the un-deformed liquid marble is given by
where r 0 is the radius of the un-deformed liquid marble [ Fig.  5(a) ], which is calculated by r 0 ¼ ð3V=4pÞ 1=3 , and V is the volume of the liquid marble. The stress acting on the liquid marble at rest can be calculated by using its weight and its original equivalent radius r 0
when a small external force (dF) is applied on the liquid marble, assuming that its height changes from h 0 to h and its width changes from w 0 to w [Figs. 5(b) and 5(c)]. At this stage, the stress acting on the liquid marble is given by
where
0 qg=3, and
It has been analytically, experimentally, and numerically proven 12 that the height of a liquid marble at rest can be obtained as follows:
It is noteworthy that Bo is the Bond number, Bo ¼ qgr 2 0 =c, which illustrates the dominance of the gravitational energy over the surface energy of the liquid marbles. Generally, when Bo ( 1, liquid marbles exhibit spherical shapes. However, when a liquid marble is compressed by an external force, it does not show a spherical shape; instead, the liquid marble exhibits a puddle-like shape. Therefore, the height of the liquid marble can be assumed by h ¼ 2r 0 Bo À1=2 new . However, Bo new should be calculated by considering the total force acting on the liquid marble. However, it is noteworthy that dF is not distributed over the whole volume of the liquid marble as dF is applied only on the top contact area of the liquid marble. Therefore, we should use correction factors in order to obtain the accurate effect from the external force
Here, C 1 and C 2 are the correction factors. Therefore, from Eqs. (8), (12b), and (13)
Finally, from Eqs. (11) and (14) FIG . 5. (a) The equivalent undeformed shape of the liquid marble, (b) the uncompressed shape of the liquid marble at rest, and (c) the compressed shape of the liquid marble by an external force, dF.
